The binding of nNa + and 1Ca 2+ to the antiporter and translocation of nNa + and 1Ca 2+ via the antiporter depends on the electrostatic field of the charged membrane. In order to account for this dependency, we assume here that the kinetics parameters K eq , K Ne , K Nx , K Ce , K Cx , k a and k b depend on the electrostatic potential difference ∆Ψ across the membrane. Our approach is similar to that of Metelkin et al. (1) on the kinetic modeling of mitochondrial adenine nucleotide translocase (ANT) and Dash et al. (2) on the kinetic modeling of mitochondrial Ca 2+ uniporter (CU). This approach is based on biophysical principles as well as laws of thermodynamics, electrostatics, and superposition. In this approach, it is assumed that the total value of the membrane potential is the sum of local electric potentials, each influencing the corresponding stages of nNa + and 1Ca 2+ binding and translocation.
The assumed stages of nNa + and 1Ca 2+ binding to the antiporter and nNa + and 1Ca
2+
translocation via the antiporter for a 3Na + :1Ca 2+ electrogenic exchange (n = 3) are schematized in Figure A1 . Every position of Na + or Ca 2+ on the antiporter unit is characterized by an electric potential value. We assume here that the difference in potentials between the adjacent positions of Na + or Ca 2+ is proportional to the total potential difference across the membrane. The sum of potential differences between the consecutive positions of Na + or Ca 2+ is equal to the total potential difference across the membrane. Thus this approach divides the total drop in potential across the membrane into different elementary stages. The scheme described in Figure A1 illustrates the influence of such elementary potential drops on the rate of 3Na + :1Ca 2+ antiporter operation. Values of the potential drops are marked for all elementary stages of the scheme. 
where F, R, and T denote the Faraday's constant, ideal gas constant, and absolute temperature, respectively; Z Ca = 2 is the valence of Ca 2+ and Z Na = 1 is the valence of Na + ; ΔΦ is the non-dimensional potential difference across the membrane. In the absence of electric field (ΔΨ = 0), or for a 2Na ) from the coordinate of maximum potential barrier. (B) The potential energy barrier profile along the reaction coordinate that is used to derive the ΔΨ -dependence of the rate constants. The dashed line shows the profile of the potential created by the electric field of the charged membrane. The points I, II, and III correspond to the 3Na + and 1Ca 2+ bound antiporter states depicted in the upper panel (A). The rate constants k a and k b are related to the changes in potential energy (Gibbs free energy) ΔG a and ΔG b . In the absence of electric field ( ΔΨ = 0 mV), the heights of free energy barriers in the forward and reverse directions are equal when the dissociation constants for the binding of external and internal Na + and Ca 2+ to the antiporter are equal: α α α α
For simplicity and reducing the number of unknown biophysical parameters, we assume here that α Ne = α Ce = α e and α Nx = α Cx = α x , that is, the Na + and Ca 2+ binding sites on the antiporter are located at equal distances from the bulk phase on either side of the IMM. Thus, the four dissociation constants K Ne , K Nx , K Ce and K Cx are fully characterized by six unknown parameters Rate Constants: The dependence of the rate constants k a and k b on the membrane potential ΔΨ during conformational changes of the antiporter complexes
Ca H E Na m n and
Na E H Ca n m can be accounted for by using Eyring's free energy barrier theory for absolute reaction rates (3) (4) (5) . For simplicity, we assume here that the free energy profile for the translocation of nNa + and 1Ca 2+ across the membrane (the limiting stage) is a single barrier ( Figure A1B ), and the translocation is a jump over the barrier from one potential well to another. We define the reaction coordinate for Na + translocation as the coordinate from Na + bound at the external side to Na + bound at the internal side of the membrane along the direction of Na + translocation. Similarly, the reaction coordinate for Ca 2+ translocation is defined as the coordinate from Ca 2+ bound at the internal side to Ca 2+ bound at the external side of the membrane along the direction of Ca 2+ translocation. The local maximum or peak (State II) of the free energy profile corresponds to the barrier that impends the nNa + and 1Ca 2+ translocation, while the local minima (States I and III) corresponds to the
Na E H Ca n m states on either side of the membrane. The nNa + and 1Ca 2+ exchange rate is determined by the probability of the antiporter to translocate nNa + for 1Ca 2+ from one binding site to the other in opposite direction, which depends on the height of the free energy barrier, which in turn depends on ΔΨ, as shown in Figure A1B .
According to Eyring's free energy barrier theory, the rate (k) at which an ion can jump from one binding site to other is given by
where G Δ is the height of the free energy barrier; k B is Boltzmann's constant; h is Planck's constant; and T is the absolute temperature. In this model, the free energy barrier heights (State II to States I and III) can be defined by, 
For simplicity, the effects of the displacements of other elementary charges that constitute the antiporter on the rate of conformational change has been lumped into the biophysical parameters Ne β , Nx β , Ce β and Cx β , as shown in Eq. (A8). In Eq. (A8), the parameter Z j is the valence of the jth charged species of the antiporter and β e,j and β x,j are the corresponding displacements from the external and internal sides of the antiporter.
It is evident from Eq. (A7) that the Na + ions tend to decrease the height of the barrier in the inward direction, but increase the height of the barrier in the outward direction, when ΔΨ > 0 (see Figure A1B) . Similarly, the Ca 2+ ions tend to increase the height of the barrier in the inward direction, but decrease the height of the barrier in the outward direction, when ΔΨ > 0. In other words, it becomes easier for the Na + (Ca 
where
are the forward and reverse rate constants when ΔΨ = 0 mV. For simplicity and to reducing the number of unknown biophysical parameters, we assume here that the displacements of Na + and Ca 2+ ions (State I and State III) from the coordinate of maximum potential barrier (State II) are the same on either side of the IMM: β Ne = β Ce = β e and β Nx = β Cx = β x . Thus, the two rate constants k a and k b are fully characterized by four unknown parameters 2+ antiporter based on the proposed kinetic mechanism shown in Figure B1 . The parameterization of these three kinetic models (Model 1: fully cooperativity, Model 2: partial cooperativity, and Model 3: no cooperativity) under two different model assumptions regarding the magnitudes of the binding constants of Na + and Ca 2+ to the antiporter at the inside and outside of the membrane (Case 1 and Case 2) is done using the experimental data of Paucek and Jaburek (6) . The model equations can be easily derived from Eqs. (10-11) with n = 2, and hence are not shown here. The model specifications and different model assumptions are the same as mentioned in the paper. The fitting of all three models to the experimental data are shown in Figures B2 and B3 
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Ne,1 Table B1 . antiporter from the experimental data of Paucek and Jaburek (6) . The kinetic parameters satisfy the constraint:
The biophysical parameters are chosen as α e = α x = α = 0 and β e = β x = β = 0.5. The rate constants are in the units of µmol/mg/min and the dissociation constants are in the units of molar (M). Reference 'r1' corresponds to Figure B2  (A,B) and reference 'r2' corresponds to Figure B2 (C,D) . 2.10×10 -9
1.34×10 -7
1.68×10 (2) is integrated to our existing model of mitochondrial bioenergetics and Ca 2+ handling (11). The integrated model is then applied to characterize the stoichiometry of the antiporter as well as to predict the antiporter function with varying levels of external (cytosolic) pH that occur during pathophysiological conditions. ] in purified respiring mitochondria from rabbit hearts with addition of varying levels of Na + to the extra-matrix buffer medium with the activity of mitochondrial Ca 2+ uniporter blocked by ruthenium red. The result of this analysis is summarized in Figure C1 Figure C2 (A). The corresponding dynamics of Na + influx (Ca 2+ efflux) via the antiporter is shown in Figure C2 (B). The simulations with different external [Na + ] and fixed external pH of 7.2 is shown above in Figure C1 (B). These simulations show that the model is able to adequately predict the experimental data with external pH = 7.2, and the antiporter function is optimal at pH ≈ 7.0. However, at high and low pH (i.e., for pH < 6.5 and pH > 7.5), the model significantly deviates from the data. At these levels of pH, the Na 
